Abstract: In this paper, an optically controlled phased array antenna with two elements is introduced. The phases of RF signal generated by an optical beat note are controlled by the beat note frequency. The tilting of the beam pattern from an array antenna is achieved.
Introduction
Phased array antennas play key roles in high informative wireless communication and multifunctional radars. The beam formed by array antennas is traditionally realized with phase shifters based on electrical components. Owing to inherent advantages of photonic technology, such as small size, low weight, large bandwidth, low transmission loss, high tunability, and immunity to electromagnetic interference, implementing beamforming in the optical domain is of great interest. Till date, a lot of efforts have been devoted to the development of optical beamforming [1] [2] [3] [4] [5] [6] .
In this paper, we propose and demonstrate a phased array antenna using a photonic-based microwave phase shifter based on frequency-dependent phase shift effect. Such phase shift is achieved by tuning the frequency of beat note slightly. A continuous phase shift of full 360 • around 10 GHz is experimentally demonstrated. To finely control the beat frequency, the beat note is stabilized to the RF synthesizer as previously reported [7, 8] . This kind of technologies is developed in optical atomic clock [9, 10] or gravitational wave detectors [11, 12] . The experimental setup using a frequency scanning phase shifter is divided into three parts, i.e., photonic generator of frequency-stabilized microwave, RF phase controller of frequency-stabilized beat note, and a phased array antenna. The detail of frequency stabilization and phase control system of RF signal is described in a previous report [8, 13] . In this paper, we focus on the demonstration of beam forming using frequency-dependent optical phase shifter. 
Experiments

Phase controlled RF signal
The experimental setup is shown in Fig. 1 . An external cavity laser (ECL) and a distributed feedback (DFB) laser were used as optical sources to generate an optical beat note. The coarse tuning of beat note frequency was performed by ECL (Photonetics: TUNICS-PRI) with a wide tuning range. The injection current of DFB laser (Fitel: FRL15DCWx-A8x-W1510) was used for fine-tuning the beat frequency in addition to the servo system. The optical outputs of ECL and DFB laser were coupled by a 2×2 3-dB coupler in orthogonal polarization, which were divided into two paths. One path was interfered by a polarizer, and the beat note was detected by a fast photodiode PD1 (Optilab, PD-10) before converting to an RF signal. For beat note frequency stabilization, the signal was mixed with an RF reference signal generated by an RF synthesizer, while the mixed signal was injected to DFB laser after passing through a low-pass filter. The other path was further divided by a coupler and each optical beat signal was detected by PD2 and PD3. These signals were injected into patch antennas 1 and 2, which were also measured by a sampling oscilloscope. The wavelengths of DFB laser and ECL were set to 1549.23 and 1549.15 nm, respectively. The frequency difference between two lasers, thus, is 10 GHz. The measured signals are shown in 
Phased array antenna
The simple patch antenna with two elements of approximately one-half wavelength long, mounted in a short distance above a larger ground plane, was used for the experiment. The beam pattern is the combination of two sets of the radiation pattern. At first, a blue print of patch antenna was designed according to previous reports [14, 15] . The design of patch antenna is illus-trated in Fig. 3 . Two same patch antennas were involved using a precision PCB machine. The measured return losses of these antennas are shown in Fig. 4 . In antennas, sufficient return losses of -26 and -33 dB for antenna 1 and 2 were obtained, respectively. The antennas bandwidth was 260 MHz, which is sufficient for our method. 
Patch antenna radiation pattern
The radiation pattern of patch antenna in H-plane was measured by a spectrum analyzer with a horn antenna. The experimental setup is shown in Fig.  5 . The RF intensity radiated from the array antenna was measured every 
Conclusion
We developed an optically controlled phased array antenna with two elements. The phases of RF signal generated by optical beat note are controlled by the beat note frequency using our method. The tilting of beam pattern from the array antenna is achieved.
